A microscopic photothermal lensing measurement under two-color continuous-wave laser excitation was performed to investigate a signal enhancement owing to the transient absorption by photoexcited solute molecules in liquid solutions. An intensity-modulated 409 nm laser beam and an un-modulated 532 nm laser beam were used for excitation, and a 670 nm probe beam was used for detecting the modulation amplitude of thermal lensing signals generated with a microscopic objective lens focusing laser beams into a capillary flow cell of 0.1 mm optical path length. The amplitude of the modulated signal increased as the power of the un-modulated laser beam increased, and a 143-times magnification was observed for an iso-propanol solution of naphthacene having 4.6 × 10 -4 absorbance at 409 nm and a negligible absorbance at 532 nm. A four-level model explaining the signal enhancement is proposed, and an important role of the transient absorption by photoexcited molecules is discussed.
Introduction
The detection and identification of individual molecules are among the ultimate objectives of analytical chemistry. It was demonstrated during the last decade that target molecules flowing in a dilute liquid solution can be counted one by one, [1] [2] [3] but almost all demonstrations of single-molecule detection in liquid solutions are still for specific fluorescent dye molecules having a high fluorescence quantum yield. For nonfluorescent molecules in a liquid solution, electrochemical methods can detect single molecules, 4 and surface-enhanced Raman scattering may be applied if the adsorbed molecule on a silver nanoparticle is the target. 5 However, these methods have quite limited fields of applications, and it is generally recognized that some technical improvements are required to count certain target molecules, especially nonfluorescent molecules, in a liquid solution.
A photothermal lensing (PTL) measurement is one of the most sensitive methods for detecting chemical species, especially non-luminescent substances, in both gas and condensed phases. 6 Photothermal methods (PTL spectroscopy, photoacoustic spectroscopy, photothermal deflection spectroscopy, and others) are based on heat generation in a light-illuminated medium via optical absorption and subsequent nonradiative relaxation, and the signal magnitude is directly related to the amount of heat generated and the temperature rise. Better sensitivity can be achieved by stronger excitation, which causes a larger heatgeneration rate, and by allowing heat to accumulate for a longer period, which causes a larger temperature rise. Regarding the PTL method, a small volume of heat accumulation has a good effect on the sensitivity because the spatial gradient of the refractive index, which is coupled to the temperature gradient by the thermooptic-coupling constant, is important. Crossedbeam and colinear configurations have been applied to probe small volumes. The detection limit of target molecules in a liquid solution at room temperature has been improved to the level of 100 molecules in 200 fL 7 and in 1.3 fL, 8 0.5 molecules in 3 fL, 9 and 0.34 molecules in 6 fL 10 of the probe volume. However, molecules in a liquid move around so fast that these values of the molecule numbers are typically time-averaged over 4 s, while a single molecule can pass through the probe volume in several milliseconds. As for the one-by-one detection of nonfluorescent substances in a liquid, the counting of single colloidal silver particles with a diameter of 10 nm has been demonstrated by PTL measurements under a microscope. 11 Generally, the PTL signal of a dilute solution linearly increases with the excitation light intensity, but optical saturation of absorption easily occurs under a focused laser beam. The absorption saturation settles the upper limit of the photo-induced heat generation rate per single target molecule, and thus limits the detection sensitivity. To obtain a large PTL signal beyond the limitation, it is possible to apply chemical modification and enzyme-induced amplification of photoabsorbing chromophores, but it is straightforward to increase the number of photons absorbed per single target molecule. The use of transient absorption (optical absorption by molecules in photoexcited states) can be the best method. Heat generation via transient absorption has been observed and applied to investigate the dynamics of molecules in dilute solution, where sequential pulsed excitation was used in combination with photothermal detection. [12] [13] [14] [15] Fortunately, a high efficiency of photon energy conversion into heat is expected for the transient absorption of visible light, because the highly photoexcited molecules in liquid generally relax with a small yield of photon emission, extremely rapidly to vibrationally and electronically lower excited states unless the photon energy is high enough to cause the molecules to ionize or dissociate into fragments.
In a previous report, 16 we studied PTL-signal enhancement using transient absorption by the two-color sequential doublepulsed excitation of solute molecules in liquids; it was demonstrated that the signal intensity under certain conditions was one order higher than that expected from the ground-state absorption. However, the use of pulsed light is not suitable for microscopic PTL detection because the pulsed laser easily damages the quartz-cell walls when high intensity light is applied to obtain a large PTL signal. Practically, it is important to use a small probe volume in order to minimize the background signal from solvent molecules and trace contaminants. Thus, excitation by continuous-wave lasers is strongly desirable for microscopic PTL detection. A wide range of chemical and biological applications of microscopic PTL measurements has been demonstrated using a thermal-lens microscope, [17] [18] [19] [20] [21] where microchip technology is sometimes combined with the PTL detection. [19] [20] [21] The PTL-signal enhancement with continuous-wave lasers can open a new gate for the photophysical, photochemical, biological and analytical experiments of micro-spaces. In this work, we performed a microscopic PTL measurement under two-color continuouswave laser excitation to investigate a signal enhancement owing to transient absorption by the excited states of solute molecules in liquid solutions. We have found that the signal intensity under certain conditions is over one hundred times higher than that expected from ground-state absorption. First, we provide a simple theoretical explanation for the PTL-signal enhancement; then, the experimental details, results, and discussion are given.
Theory

Four-level model for PTL signal enhancement by transient absorption
Here, we consider a heat-generation process from a solute molecule in a liquid under two-color laser excitation. Although the relaxation dynamics of a highly excited molecule in a liquid solution may have a variety of pathways, for simplicity, a fourlevel system of a molecular energy diagram is assumed, as shown in Fig. 1 . The system has a ground state of g0-fold degeneracy and three excited states of gi-fold degeneracy (i = 1, 2, and 3). The number of molecules in each energy level of the ground or excited state is Ni (i = 0, 1, 2, or 3). A pump laser beam of an optical frequency (ν1) excites molecules from the ground state to excited state 1. The photoexcited molecules rapidly relax to excited state 2 with a rate constant of k1. Molecules in excited state 2 relax to the ground state with a rate constant of k2, and may emit fluorescence photons of frequency νf with a fluorescence quantum yield of φf. A second-pump beam with the optical frequency (ν2) being different from ν1 excites molecules from excited state 2 to excited state 3. Molecules in excited state 3 rapidly relax to excited state 2 with a rate constant of k3. The rate equations of the system are given by,
and
where W1 and W2 are the constants of absorption and stimulated emission for the transitions between states 0 and 1 and between 2 and 3, respectively. They are given by,
where P1 and P2 are the power densities of the pump and the second-pump beams, respectively, h is Plank's constant, and σ0 and σ2 are the absorption cross-sections of molecules in the ground state and excited state 2, respectively. Note that the power density has units of W/m 2 . The total number of molecules is N = N0 + N1 + N2 + N3. For a typical dye molecule, it may be considered that excited states 1, 2, and 3 are one of the vibrationally excited levels of the lowest excited singlet state (S1′), the lowest vibrational level of the lowest excited singlet state (S1), and a highly excited singlet state (Sn), respectively. Another possibility is that they are S1, the lowest excited triplet state (T1) and a highly excited triplet state (Tn), respectively. The discussion below is independent of the attribution of the excited states. Now, a photothermal lensing signal is considered to be generated under simultaneous excitation by a periodically intensity-modulated pump beam and an un-modulated secondpump beam. The amplitude (S) of the PTL signal is measured as the modulation amplitude of a probe laser intensity monitored with a photo-detector placed behind the sample cell. Heat generation in a small volume of the sample causes a temperature gradient, which results in refractive-index gradient. The refractive-index gradient changes the divergence of the probe beam passing through the heated region. The PTL signal is caused by the divergence change. When the signal amplitude is small, a good proportionality is expected between the heat- Resonant photo-absorption from the ground state to the excited state and from the low excited state to the highly excited state is induced by pump and second-pump laser beams with W1 and W2 of fluxes and hν1 and hν2 of photon energy, respectively. k1, k2, and k3 are the rate constants of the excited, low excited, and highly excited states, respectively. φf is the photo-emission quantum yield for a transition from the low excited state to the ground state, whose photon energy is hνf.
generation rate and the amplitude. Then, the proportionality for the four-level system mentioned above is expressed as,
where the rates of heat generation by substantial relaxation from i-th levels (i = 1, 2 and 3) are η1h(ν1 -νf)k1N1, A2η2hνfk2N2, and A3η3hν2k3N3, respectively. Ai are the geometrical factors and ηi are the energy conversion efficiencies into heat, of relaxation from the i-th levels (i = 1, 2 and 3). E is the proportionality constant concerning the thermo-optic coupling constant (dn/dT: the temperature coefficient of refractive index), probe beam intensity, detector sensitivity, amplifier gain of the electronics, and so on. The geometrical factors are considered because the spatial distributions of molecules in the i-th energy levels can be different from each other, which can affect the PTL signal amplitude. Regarding a microscopic PTL measurement, where the pump and probe beams are tightly focused into a sample, a rigid theoretical expression of the PTL signal amplitude should involve complicated time-dependent diffraction integrals; such an expression has not been reported to our knowledge. However, the assumption of proportionality is sufficient for our present purpose. When the period of intensity modulation is on a submillisecond time scale, it is much longer than the time scales of the dominant dynamics of photo-absorbing molecules. Then, a steady state approximation,
can be applied to estimate Ni (i = 0, 1, 2, and 3) and the heatgeneration rates. At that time, Eq. (7) is simplified as
where the relation k2N2 = k1N1 (see Appendix A) is used and A1 = A2 and η3 = 1 are assumed. The assumption η3 = 1 is true if there are no significant chemical reaction paths from the highly excited state, because it is generally true that little fluorescence is observed from the highly excited state. The assumption A1 = A2 is reasonable if we recognize that the molecules in excited states 1 and 2 have the same spatial distribution. With no second-pump beam irradiation, the signal amplitude is given by
We define the gain (G) of the PTL signal enhancement induced by the second-pump beam irradiation as.
The value of the gain measures the relative amplitude of the two-color excitation PTL signal with respect to that of the single-color excitation PTL signal. From Eqs. (9) - (11) with N2 and N3 given as the solutions of Eqs. (1) - (4) under the steady state condition of Eq. (8), it is expressed that,
It is valuable to consider a special case in which the light intensity is weak, and the absorption saturation is thus not important and the relations of k1 f1 f2 k2 and k1 f2 k1 + k2 hold. We then obtain a simplified equation (see Appendix B),
Equation (15) clearly shows that an enhancement of the PTL signal amplitude is achieved when σ2P2 > 0 and that the gain (G) is linearly dependent on the power density of the secondpump beam (P2). It is notable that a microscopic PTL experiment is essentially important for this kind of signal enhancement, because the power density (P2) has a dimension of W/m 2 , so that a tightly focused second-pump beam can provide a large gain. A similar result, expressed by Eqs. (12) and (15), was obtained for a three-level system consisting of the ground state and two exited states; it is expected that these equations give a good approximation for a multiple-level system of real solute molecules, even when some photochemical reaction occurs at a certain probability to produce a long-lived chemical species. Although the enhancement is observed under certain experimental conditions, as described below, a theoretical prediction of the optimal condition for a given target molecule in a liquid solution is not a simple task. This is primary because sufficient knowledge of the dynamics of highly excited states of the molecules is hardly available from a reference and, secondly, because some assumptions for theoretical simplicity are not always valid. An experimental approach for a high-gain value is valuable at the present stage.
Experimental
A schematic illustration of the experimental setup for the PTL signal enhancement by two-color cw-laser excitation is shown in Fig. 2 . A GaN semiconductor laser (LDT4005, Nihon Kagaku Engineering Co., Ltd.) was used as a pump laser. The emission (wavelength, 409 nm; maximum power, 4 mW) of the pump laser was intensity-modulated at a certain frequency of kHz (rectangular; duty ratio, 1:1) with a function generator (FG-27, Kenwood). A second-harmonics (wavelength, 532 nm; maximum power, 5.5 W) of a Nd:yttrium vanadium oxide laser (Millennia, Spectra Physics) was used as a second-pump beam. A semiconductor laser (LDP6705, Nihon Kagaku Engineering Co., Ltd.) was used as a probe laser. The emission (wavelength, 670 nm; maximum power, 5 mW) of the probe laser was reflected by a polarizing beam splitter, passed through a quarter wave-plate, collinearly combined with the second-pump beam by a dichroic mirror, and collinearly combined with the pump beam by another dichroic mirror. The three-color beam was focused by a microscopic objective lens (magnification, 40; numerical aperture, 0.65; working distance 0.5 mm; OBL-40, Sigma-koki Co.) to a rectangular capillary flow cell with an optical path length of 0.1 mm and a width of 1 mm.
The probe-beam intensity on the optical axis was monitored at 50 mm backward from the sample cell, with a small area
photodiode (0.5 mm in diameter) connected to an amplifier (LI-75A, NF Circuit Design Block Co.). In front of the photodiode, an interference filter (KL-66, Toshiba), a polarizing film and a red-colored glass filter (R64, Toshiba) were placed to cut off the pump and second-pump beams. A two-phase lock-in amplifier (5610B, NF Circuit Design Block Co.) was used to measure the signal amplitude synchronized with the modulation. The demodulated amplitude output of the lock-in amplifier (time constant, 300 ms) was recorded on a chart as the PTL signal amplitude. A peristaltic tube pump (SMP-21, EYELA) was used to flow the sample solution.
All of the optical parts, except for the second-pump laser and its beam-leading optics, were placed on an aluminum honeycomb flat-board with a size of 300 mm × 600 mm to make a stable and moveable detection system. The day-by-day stability of the PTL detection system was tested with a test solution of 10 -5 M rhodamine 101 in ethanol and without second-pump beam irradiation. The system showed a good stability of less than a 13% intensity-decrease per day.
The samples used were iso-propanol solutions of naphthacene or 9,10-diphenylanthracene (DPA). These chemicals were selected because they satisfy the following criteria: they have substantial absorption at 409 nm and no absorption at 532 nm at the ground state and have a transient absorption at 532 nm when they are excited with a 409 nm light. Transient absorption spectra were measured with a laboratory-made sub-picosecond time-resolved transient spectrometer. 22 The typical concentration of naphthacene was 3.2 × 10 -5 M, and the measured absorption coefficient was 4.6 × 10 -2 cm -1 at 409 nm, and was negligibly small at 532 nm. The typical concentration of DPA was 1.0 × 10 -4 M, and the absorption coefficients measured were 3.3 × 10 -2 cm -1 at 409 nm and negligibly small at 532 nm.
Naphthacene from Tokyo-Kasei Co., Ltd, 9,10-diphenylanthracene from Aldrich Chemical Co., and isopropanol from Kishida Chemical Co., Ltd. were purchased and used without further purification.
All of the measurements were performed at room temperature. No de-oxygen and no de-gas procedures were used before the measurements. absorbance at 409 nm (optical path length, 0.1 mm). The modulation frequency was 6.0 kHz. A linear increase of the PTL signal amplitude with the pump beam power increase were seen at each second-pump power. No substantial signal was observed with no pump beam (P1 = 0), even when a strong second-pump beam irradiated the sample. A notable feature was that the larger was the second-pump power from 0 to 3.6 W, the larger was the PTL signal amplitude obtained under a certain pump beam power condition. It is apparent that the PTL signal at P1 > 0 was enhanced by the second-pump beam irradiation.
Results and Discussion
The pump power dependence under single-color laser excitation (P2 = 0) is a well-known behavior of the PTL signal. No signal at P1 = 0 is reasonable because the second-pump beam is not intensity-modulated. There should be some mechanism of additional heat generation to explain the PTL signal enhancement. We checked the short-time reproducibility of the enhanced PTL signal by repeatedly turning on and off each of the pump and second-pump beams in a short time and observed good reproducibility in the PTL signal intensity levels. The flow rate of the solution did not affect the reproducibility. A pure solvent generated no substantial PTL signal even under the simultaneous irradiation of the pump and second-pump beams of the maximum intensities. Based on the experimental results, it is concluded that transient absorption of the secondpump beam by the photo-induced transient species generated by the pump beam causes a PTL signal enhancement.
The dependence of the gain on the second-pump beam-power is shown in Fig. 4 for the same sample solution as in Fig. 3 with the present method. The upper limit of the gain is unknown at the present stage, and it is quite likely that the gain could exceed 143 if the power of the second-pump laser is increased, the wavelength of the second-pump laser is optimized, or third-pump laser is incorporated. Practically, there is an upper limit of the gain owing to the materials used in the experiment, i.e., the optical courting of the objective lens used was sometimes damaged during several hours under strong laser irradiation. The principal upper limit of the gain is also unclear mainly because of unknown complex dynamics of the solute molecules in highly excited states.
Although the short-time reproducibility of the gain was confirmed in measurements on one day, unfortunately, the gain value showed no good reproducibility when the same measurements were performed on a different day; i.e., a gain value of 70 was obtained for the data in Fig. 3 when the power of the pump and second-pump beams was 1.2 mW and 3.6 W, respectively, while the corresponding value of the gain was 143 in Fig. 4 . We think that this was because the PTL signal in the three-color (two-color pump and one-color probe) experiments strongly depended on the spatial overlaps of the laser beams, especially for the microscopic PTL experiment, where slight changes in the positions of the focal points as well as the lateral beam overlaps could have a large influence on the signal. The positions of the focal points along the beam-propagating direction are controlled so as to obtain a large signal by adjusting the divergence of the semiconductor lasers before incidence at the objective lens, where the phase delay of the PTL signal is a good indicator of the beam overlap for the pump and probe beams, but not for the second-pump and probe beams.
Generally, a PTL measurement lacks long-term stability, even for a two-color (pump and probe) experiment. Although the system we developed here has good stability, as mentioned in the experimental section, we still need to develop a way to control the beam overlap reproductively for a threecolor experiment. The measurements presented below are typical of those obtained in measurements on one day. The tendency seen in the data was confirmed with repeated measurements although the absolute values of the gain were not always reproduced.
The gain value showed no modulation frequency dependence at 2, 5, or 8 kHz. Maximum deviation of the gain was less than 5.8%, while the PTL signal amplitudes at 2 and 5 kHz were 5.7 and 1.5-times larger than that at 8 kHz, respectively. No significant phase change of the PTL signal was found when the signal was amplified by the second-pump beam irradiation.
These results show that the amplified signal has the same characteristics as the normal PTL signal, and support the idea that heat generation by transient absorption causes amplification.
Because of the modulation frequency independence of the gain, it is considered that the photogenerated chemical species with lifetimes longer than submilliseconds is not important for the signal amplification.
It is clear in Fig. 4 that, roughly, the gain is linearly dependent on the second-pump power, as predicted from Eq. (15) . The theoretical model presented in the preceding section is a good description of amplification. Strictly, these data points in Fig. 4 are not on a straight line, as discussed in the following. According to Eq. (15), the gain has a linear dependence on the second-pump beam intensity (I2 (W)) as
where α(1/W) is considered to be a power-independent constant, which is named enhancement coefficient. By comparing Eqs. (15) and (16), the enhancement coefficient is given as
where Sw is the beam area of the second-pump beam at the focal point. Figure 5 shows the dependence of the enhancement coefficient on the second-pump beam power for five different pump beam powers. The enhancement coefficient shows a small pump power dependence at a low second-pump beam power of 0.65 W. However, the α value becomes smaller as the pump power increases at high second-pump beam powers; for a certain pump power, it becomes larger as the second-pump power increases. The pump power dependence is qualitatively consistent with Eq. (12), while the second-pump power dependence is unacceptable for Eq. (12) (see Appendix C). One possible explanation for the second-pump power dependence is considered to be multiple photon absorption of molecules in excited states 1, 2 and 3 up to high-energy levels, which is not taken into account in the present model. It was experimentally confirmed that different chemical species have different enhancement coefficients.
The dependence of the gain on the second-pump beam power was measured for different iso-propanol solutions of 6.0 × 10 -4 absorbance at 409 nm) with a pump-beam power of 1.2 mW and a modulation frequency of 4.0 kHz. The enhancement coefficients (α) were determined as the slopes of the gain dependence under the low second-pump power condition. The value of α determined for the DPA solution was 1.54-times larger than that for the naphthacene solution. The results suggest that PTL signal enhancement can be used for the species-selective detection of solute molecules. We think that the species-dependence of α is mainly based on the transient absorption cross-section and photo-thermal conversion efficiency of the target molecules. According to Eq. (17) , if the transient absorption from the lowest exited singlet states is important for both solutions, the ratio of α between two solutions can be compared with the ratio of δAτf/(ν0-φfαf), where δA is the transient absorption coefficient at 532 nm. We experimentally evaluated the δAτf/(ν0-φfνf) value for the DPA solution, as explained below, and a good proportionality was obtained between α and δAτfν0/(ν0-φfνf) for solutions of naphthacene and DPA.
To evaluate the δAτf/(ν0-φfνf) value, the transient absorption was measured under the same excitation power level for isopropanol solutions of naphthacene and DPA that had the same absorbance of 0.0023 at 409 nm (optical path length, 1 mm). The relative intensity of the transient absorption coefficient (δA) at 532 nm, 3 ps after 200 fs-pulsed excitation at 400 nm, was 0.008 for the naphthacene solution and 0.004 for the DPA solution. The δA values are considered to be proportional to σ2, because it is expected that the number of molecules in the excited states is comparable in both solutions unless their ultrafast dynamics significantly differ from each other. Using the reference values of the photophysical properties of molecules in solutions at room temperature (Table 1) , the δAτfν0/(ν0-φfνf) values of the naphthacene and DPA solutions are estimated to be 0.59 and 0.92, respectively. The ratio of δAτfν0/(ν0-φfνf) between them is 1:1.58, while the ratio of α is 1:1.54. There is a good proportionality between δAτfν0/(ν0-φfνf) and α. The proportionality could be a lucky case because it is true that the evaluation of the δAτfν0/(ν0-φfνf) value is very rough. We disregarded most of solvent effects when using the reference values because, to our knowledge, there is no report on the molecular properties for iso-propanol solutions and no large solvent effects have been reported, except for the fluorescence quantum yield of the air-saturated solution. It might be better to take into account transient absorption by the triplet state for naphthacene. The problem in checking the proportionality further is little knowledge about the photophysical properties for highly excited states of a variety of molecules in liquid solutions.
We would like to emphasize that the detection of heat from molecules in highly excited states has a practical application for the ultra-sensitive and species-selective detection of molecules in solution. What we demonstrated by the two-color excitation of the PTL signal is how to increase the apparent rate of photoinduced heat generation per solute molecule under a certain excitation level for the ground-state absorption. It is known that, roughly, the absorption cross-section of molecules monotonically increases up to several decades of eV, 30 and that, generally, solute molecules in a highly excited state have a small luminescent quantum yield, and most of the excess energy of the molecules is released to the surrounding solvent molecules as heat. In the future, it will be possible to enhance the PTL signal amplitude more and more by multi-color excitation under a microscopic space. We think that the results presented here show the importance of the photophysical properties of photo-excited molecules in liquid solutions.
Conclusion
A 143-times magnification of a microscopic photothermal lensing signal was demonstrated by the two-color continuouswave laser excitation of iso-propanol solutions of naphthacene with an intensity-modulated pump beam at 409 nm and an unmodulated second-pump beam at 532 nm. The cause of the signal enhancement is attributed to heat generation resulting from transient absorption by the excited states of solute molecules in liquid solutions. A four-level model explaining the signal enhancement is proposed to show the signal gain dependence on the powers of the pump and second-pump beams. The gain of the signal is approximately proportional to the second-pump beam power. It is quite likely that the gain could exceed 143, although the principal upper limit of the gain is unknown at the present stage. Apparently, the stability of the PTL experimental setup is severely required for the microscopic multi-beam system. Regardless of all of the disadvantages, the method demonstrated here promises to be crucial for counting non-fluorescent single small molecules in liquid solutions and for finding the upper limit in accumulating the photo-induced heat energy during a certain time interval and in a certain space of controlled dimensions. 
as the solutions of a power-dependent number of molecules in each energy level of the ground or excited states, where we use definitions in Eqs. (13) and (14) . Then the amplitude of the PTL signal is given by.
When P2 = 0, so that W2 = 0 and f2 = 0,
We obtain Eq. (12) When the relation k1 f1 f2 k2 + (k1 + k2)f1 holds, the denominator on the right-hand side of Eq. (A7) is approximated to unity. When absorption saturation is unimportant for the transient absorption, namely, W2 g3k3, Eq. (14) can be approximated to f2 = W2/g2k3 = σ2P2/hν2k3. Then, Eq. (A7) is reduced to Eq. (15) . Relations k1 f1 f2 k2 and k1 f2 k1 + k2 are sufficient conditions for k1 f1 f2 k2 + (k1 + k2)f1. C) Equation (A7), which is equivalent to Eq. (12), can be expanded as
or
where B = . O( f1 2 ) and O( f2 3 ) represent higherorder terms with respect to f1 and f2, respectively. f1 and f2 are proportional to the powers of the pump and second-pump beams, respectively, if absorption saturation is unimportant. Equation (15) and O( f2 3 ) in Eq. (A9) are equal to f2 and 0, respectively. Equation (A8) indicates that the gain decreases as the pump power increases (so that f1 increases as well) because k1 f2/k2 ≥ 0. The enhancement coefficient also decreases at that time. This is consistent with the experimental observation. It is expected from Eq. (A9) that the enhancement coefficient decreases as the second-pump power increases (so that f2 increases as well) because B ≥ 0. This contradicts the experimental observation. Science and Technology of Japan. This study was carried out using a Nd:yttrium vanadium oxide laser at the Institute for Ionized Gas and Laser Research, Kyushu University.
